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ABSTRACT 

The variable X-ray source IE 1547.0-5408 was identified by Gelfa nd~& Gaensler] (f2007) as a likely magnetar 
in G327.24-0.13, an apparent supernova remnant. No X-ray pulsations have been detected from it. Using 
the Parkes radio telescope, we discovered pulsations with period P = 2.069 s. Using the Australia Telescope 
Compact Array, we localized these to IE 1547.0-5408. We measure P = (2.318 ±0.005) x 10~ u , which for a 
magnetic dipole rotating in vacuo gives a surface field strength of 2.2 x 10 14 G, a characteristic age of 1.4kyr, 
and a spin-down luminosity of 1.0 x 10 35 ergss _1 . Together with its X-ray characteristics, these rotational 
parameters of IE 1547.0-5408 prove that it is a magnetar, only the second known to emit radio waves. The 
distance is « 9kpc, derived from the dispersion measure of 830cm~ 3 pc. The pulse profile at a frequency of 
1.4 GHz is extremely broad and asymmetric due to multipath propagation in the ISM, as a result of which 
only w 75% of the total flux at 1.4 GHz is pulsed. At higher frequencies the profile is more symmetric and 
has FWHM = 0.12P. Unlike in normal radio pulsars, but in common with the other known radio-emitting 
magnetar, XTE J1810— 197, the spectrum over 1.4-6.6 GHz is flat or rising, and we observe large, sudden 
changes in the pulse shape. In a contemporaneous Swift X-ray observation, IE 1547.0-5408 was detected 
with record high flux, /x(l-8keV) « 5 x 10~ 12 ergscm s" 1 , 16 times the historic minimum. The pulsar was 
undetected in archival radio observations from 1998, implying a flux < 0.2 times the present level. Together 
with the transient behavior of XTE J1810-197, these results suggest that radio emission is triggered by X-ray 
outbursts of usually quiescent magnetars. 

Subject headings: ISM: individual (G327.24-0. 13) — pulsars: individual (IE 1547.0-5408, PSR J1550-5418, 
XTE J1810-197) — stars: neutron 
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1. INTRODUCTION 

Anomalous X-ray pulsars (AXPs) and soft gamma-ray re- 
peaters (SGRs) are young neutron stars with rotation peri- 
ods of 5-12 s and inferred surface magnetic field strength 
B w 10 14_I5 G (see Woods & Thompson 2006 for a re- 
view). In the magnetar mo del dDuncan & T hompsonl ll992T: 
Thompson & Dune a nfl 9951 1996), the rearrangement and de- 
cay of their extreme fields is responsible for the large and vari- 
able X-ray luminosity of these neutron stars, which exceeds 
that available from the braking of their rotation. Twelve mag- 
netars are confirmed 4 , of which two are in supernova rem- 
nants (SNRs). Only one magnetar, the transien t 5.5 s AXP 
XTE J 1810-197, is known to emit radio waves dCamilo et al.l 
2006b), with several unusual characteristics that are not un- 
derstood. It is therefore important to identify further examples 
of this still mystery-ridden class of neutron stars. 

Discovered with the Einstein X-ray satellite in 1980, 
IE 1547.0-5408 was recently identified as a magnetar can- 
didate i n the center of the small c andidate SNR G327.24- 
0.13 by Gelfan d & Gaenslen (12007). who argue convincingly 
against other possible classifications. Its flux, as observed by 
ASCA, Chandra, and XMM-Newton, has varied by a factor of 
7, and it has the spectral characteristics of an AXP. Although 
no X-ray pulsations have been detected from IE 1547.0- 
5408, the upper limit of 14% on its pulsed fraction is larger 
than that of one known AXP, 4U 0142+62. Here we re- 
port the discovery and initial study of radio pulsations from 
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IE 1547.0-5408, confirming that it is a magnetar. 

2. OBSERVATIONS, ANALYSIS, AND RESULTS 
2.1. Radio Pulsar Discovery 

We observed IE 1547.0-5408 with the Parkes telescope in 
Australia on 2007 June 8. We collected data for 20 min- 
utes using the central beam of the multibeam receiver at a 
frequency v = 1.374 GHz. A bandwidth of 288 MHz was 
recorded, divided into 96 frequency channels sampled ev- 
ery 1 ms with one-bit precision. We analyzed the data using 
stand ard techniques implemented in PRESTO 5 dRansom et al.1 
20021). in similar f ashion to other pulsar searches (e.g., 
Camil cTet al.l [2006a). We detected a periodic signal with 
P = 2.069 s that is dispersed (DM rj 830cm" 3 pc) and hence 
of astronomical origin, which we name PSR J 1550-541 8. 

We observed the pulsar on 1 1 occasions spanning 19 days, 
detecting it every time. The pulse profile at 1.4 GHz is very 
broad and asymmetric, dominated by multipath propagation 
in the ISM (Fig. [TJ. The calibrated period-averaged pulsed 
flux density is S\a = 2.5 ± 0.5 mJy, with daily-averaged fluxes 
constant within the uncertainties. However, because the pulse 
is so scattered at 1.4 GHz, about 25% of the received flux is 
unpulsed, which we measure with the Australia Telescope 
Compact Array (ATCA; § I2.21 i. At higher frequencies the 
profile is more symmetric and narrower (Fig. [TJ, and the 
flux density is larger (S(,.b ~ 6mJy in our only observation 
at 6.6 GHz), suggesting a rising spectrum. In one of two ob- 
servations at 2.3 GHz we saw sudden, major profile variations 
(see Fig.[2]i, and until they are better characterized, spectral in- 
dices should be estimated from simultaneous multi-frequency 
measurements. We measured pulse arrival times for every 
observation and obtained a phase-connected timing solution 

5 http://www.cv.nrao.edu/~sransom/presto/. 
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FIG. 1.— Detections of PSR J1550-5418 (IE 1547.0-5408) at Parkes, 
with P = 2.069 s. Left: Discovery observation on 2007 June 8 at 1.4 GHz. 
The profile is shown twice (summed at the top). Right: Average profiles at 
1.4, 2.3, and 6.6GHz, based on 7.6, 1.8, and 0.4hr of data, respectively. At 
6.6 and 2.3 GHz, the profiles have FWHM = 0.12P and 0.14P, respectively, 
while the huge asymmetric tail of the 1 .4 GHz profile is caused by scattering 
in the ISM. Each profile was corrected for distortions introdu ced by a high- 
pass filter in the data path with a time constant of 0.9 s (see Manches ter et alj 
l200TI ; ICamilo et aU2006bT) . The profiles were aligned by eye. 



with TEMPO 6 . The parameters from this fit are listed in Ta- 
bleQ] 

The position of PSR J 1550-54 18 was observed dur- 
ing the Parkes multi beam Galactic plane survey (e.g., 
Manc hester et alj|2001l) . The closest pointings were made on 
1998 August 8 and 1 3, offset by 3 . 1 ' (survey ID 4859499). We 
searched for pulsations in these data, but found none to a limit 
of < 0.5 mJy (accounting for the less sensitive beam used at an 
offset position). Since interstellar scintillatio n is not expected 
to mo dulate the flux of a pulsar with its DM (Stinebring et al. 
2000), these non-detections imply that the pulsar was fainter 
in 1998 August than in 2007 June by a factor > 5. 

At 2 s, the rotation period of PSR J1550-5418 is sub- 
stantially smaller than that of any other known magnetar. 
Nevertheless, its P implies a magnetic field solidly in the 
range of magnetars (B = 3.2 x 10 19 (PP) 1/2 G = 2 x 10 14 G). 
The DM = 830cm" 3 pc is consistent with the large X-ray - 
fitted neutral hydrogen co lumn density, Nh ~ 3 x 10 22 cm" 2 
dGelfand & Gaensien l2007h . and implies a distance d re 
9 kpc a ccording to the free-electron model of Cor des & Laziol 
( 120021) . A smaller d re 4kp_c for the candidat e SNR G327.24- 
0.13 was suggested by Gelfa nd~& Gaenslerl (l2007h . Assum- 
ing that the two objects are associated, the smaller distance 
estimate would place the magnetar/SNR in or near the Crux- 
Scutum spiral arm, while the larger distance would be com- 
patible with a Norma spiral arm location. 

The DM model also predicts a ~ 10 ms scattering timescale 
at 1.4 GHz. Instead, the ~ 1 s broaden ing observed (Fig .[T]i is 
larger than for any known pulsar (see iBhat et al.ll2004T) . If a 
portion of the unmodeled scattering were caused by electrons 
with larger average density in this direction than contained 
in the model, then the predicted distance could be an overes- 
timate. The 2.3 GHz profile shown in Figure Q] while much 
more symmetric, is still scattered, by a fitted amount re 100 ms 

6 http://www.atnf.csiro.au/research/pulsar/tempo/. 
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FIG. 2. — Individual pulses and changing profiles from the 2-s PSR J1550— 
5418 at a frequency of 2.3 GHz observed at Parkes on 2007 June 20. Main: 
A time series of 87 pulses containing the brightest pulse visible in the data 
set. At approximately this time (darkest 30 s sub-integration; left inset), the 
average profile changed significantly, with the low shoulder visible in Fig.[T] 
becoming temporarily brighter, and "recovering" after about 20 minutes. In 
the left inset panel, a burst of radio-frequency interference is visible 2 minutes 
after the largest pulse. Right inset: A zoom-in on the main panel, showing the 
structure of six single pulses. In both panels the brightest pulse (FWHM 
0. 1 1 P) is the same, and the data are displayed with 16 ms resolution. The dip 
following each strong pulse is an artifact. 

that is consistent with the approximate v~ AA scaling. 

2.2. Contemporaneous Radio Imaging 

Identification of PSR J1550-5418 with IE 1547.0-5408 
can be ensured by measuring its radio position with high pre- 
cision, as the X-ray position is alre ady known to 0.8" from 
Chandra dGelfand & Gaensledl2007l) . With this aim, on 2007 
June 26 we made a pulsar-gated observation at the ATCA. 
IE 1547.0-5408 was observed at 1.384 and 2.368 GHz simul- 
taneously. The array was in its 6C configuration, with anten- 
nas CA01 and CA05 offline. At each frequency, we sampled 
a bandwidth of 128 MHz split into 33 channels for each of two 
orthogonal linear polarizations. Visibilities were accumulated 
into 32 phase bins coherently with the pulsar period. First we 
observed the flux calibrator 0823-500, and then obtained data 
for 7 hr over a 12 hr span, with scans of 20 minutes on the pul- 
sar interleaved with 90s scans on the phase calibrator 1613- 
586. The configuration used was, in effect, only sensitive to 
point sources. 

We analyzed the correlated data using standard techniques 
within MIRIAD 7 . We detected pulsations from PSR J1550- 
5418 at both frequencies at a position identical to Chandra's 
to within 0.1" in each coordinate, greatly reducing the uncer- 
tainty (see Table [TJ. The pulsar phase-integrated flux den- 
sities measured on this day were S\a = 3.3 ±0.3mJy and 
S2.4 = 5.3±0.3mJy. The corresponding spectral index is 

7 http://www.atnf.csiro.au/computing/software/miriad/. 
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TABLE 1 

Timing Parameters of PSR J 1550-54 18 



Parameter 


Value 


K..V (J2000) 


15 h 50 m 54.1 I s ± 0.01 s 


Decl. a (J2000) 


-54°18'23.7"±0.1" 


Epoch (MJD) 


54270.0 


Spin period, P (s) 


2.06983302(4) 


Period derivative, P 


2.318(5) x lO" 11 


Dispersion measure* 5 , DM (cm -3 pc) 


830 ±50 


Timing fit rms residual (P) 


0.013 


Range of timing solution (MJD) . . . 


54259-54278 


Surface magnetic field, B (G) 


2.2 x 10 14 


Characteristic age, r c (kyr) 


1.4 


Spin-down luminosity, E (ergs s ) . 


1.0 x 10 35 


Distance , d (kpc) 


Kl9 



NOTE. — Numbers in parentheses are the TEMPO 1 a uncertain- 
ties. 

a Coordinates from the 2.4 GHz ATCA image (SlXZt. b The large 
DM uncertainty is due to uncertain frequency-dependent profile 
fid ucial points caused by s cattering. c Obtained from the DM with 
the lCordes & Laziol EOOl model. 

a = 0.9 ± 0.2 {Sv oc v a ). The one $6.6 « 6 mJy measurement 
(§ 12. Il l suggests that this rising spectrum may flatten at higher 
frequencies, but due to the potential for variability, further 
measurements will be needed to address this question. We 
have not detected any flux from the off-pulse phase bins at 
2.4 GHz, from which we limit any emission from a nebula 
smaller than the 3" beam size to < 0.7 mJy (3 a). 

2.3. Contemporaneous X-ray Observation 

On 2007 June 22 we obtained a 2941 s exposure of 
IE 1547.0-5408 with the Swift X-ray telescope in photon 
counting mode, which provides imaging with 18" half -power 
diameter resolution and 2.5 s time sampling. The source 
was detected in the range 1-8 keV with a mean count rate 
of 0.095 s" 1 , with a spectrum similar to that from XMM- 
Newton observations dGelfand & Ga ensler 20071). Neither the 
counts nor the time resolution were sufficient to detect pul- 
sations. However, the flux was k5x 10~ 12 ergscm" 2 s _1 , 
which is 16 times greater than the minimum seen in 2006 
July-August, and 2.4 times greater than the previous highest 
flux. The bolometric blackbody flux corrected for absorption 
is w 2 x 10" 11 ergs cm" 2 s" 1 . Further details of this and subse- 
quent X-ray observations will be reported separately. 

3. DISCUSSION 

The rotational parameters of PSR J 1550-54 18, the X-ray 
spectrum and variability of IE 1547.0-5408, and the posi- 
tional coincidence between them, prove that they are the same 
object — a radio-emitting magnetar. 

3.1. General Properties in Relation to Other Magnetars 

The spin-down luminosity of PSR J 1550-54 18, E = 
4ir 2 IPP~ 3 = 1 x 10 35 ergss" 1 , exceeds that of any previously 
known magnetar. Typical values of E for AXPs are ~ 
1 x 10 33 ergss -1 , w hile they range from 6 x 10 31 ergss" 1 
for I E 2259+586 dKovama et all I [198% iBavkal & Swankl 
1996) to the historic maximum of 5 x 10 34 ergss" 1 for 
SGR 1806-20 (iMereghetfi et al.ll2005l) . The spin-down lu- 
minosity of PSR J 1550-54 18 is only slightly exceeded by 
its maximum X-ray luminosity, Lx(0.5-10keV) * 1.9 X 
10 35 (of /9 kpc) 2 ergs s" 1 , which is one of the discriminators of 
a magnetar from a rotation-powered pulsar. It is unlikely that 
a significant fraction of this X-ray luminosity is powered by 



rotation; its distinctive properties are consistent with crustal 
heating by magnetic field decay as in other AXPs. First, 
the luminosity has varied by a factor of 16, while rotation- 
powered pulsars and cooling neutron stars are steady. Second, 
the composite X-ray spectrum is similar to that of other AXPs, 
including a thermal component th at even in a low state is fitte d 
by a blackbody of kT = 0.43 keV (Gelfa nd & Gaensler||2007l) . 
which is hotter by at least a factor of 3 than a cooling neutron 
star of its same age (e.g JYakovlev et al.ll2002l) . 

That PSR J 1550-54 18 has the shortest P and highest E 
among known magnetars is consistent with the hypothesis that 
they are born with P <C 1 s and spin down to their longest ob- 
served periods on timescales of 10 4 yr. However, it does not 
ease the problem of the na rrow period distribution of magne- 
tars dPsaltis & M iller 2002), in particular, why there is a cutoff 
at long P. 

3.2. Birth Properties of IE 1547.0-5408 

The small characteristic age of PSR J 1550-54 18 may be 
related to the size of its presumed SNR G327.24-0.13, which 
has a diameter of 4' = 4.7(a!/4kpc)pc dGelfand & Gaensierl 
120071) . We first argue that the SNR hosts of AXPs are no 
older than their pulsar's characteristic age: the two previously 
confirmed AXPs that are located in remnants have charac- 
teristic age slightly large r than the SNR age (IE 1841-045; 
Vasisht & Gotthelf 1997), or an order of magnitude larger 
(IE 2259+586: IWang et al1fT99l iRho & Petrelll997h . In the 
latter case, it is possible that the historic average of P was 
much higher than its present value. Similarly, G327.24- 
0.13 is probably not older than the t c = P/2P = 1.4 kyr of 
PSR J1550-5418. Then, at d = 4 kpc, the radius of the SNR 
shell implies an average expansion velocity of 1600kms _1 . 
This is small for the free-expansion stage of an SNR. Assum- 
ing instead that the SNR is already in the a diabatic (Sedov) 
phase, and following IVink & Kuiperl ((2006) who argued that 
the explosion energies of AXP remnants are no larger than 
those of ordinary pulsars, we find, for an explosion energy 
of 10 51 ergs, an ambient density p = 2.1 x 10~ 22 gcm" 3 , or 
tih = 90 cm" 3 , which is typical of molecular clouds. If the 
distance is 9 kpc, then the required density is «h = 1-5 cm" 3 . 
These densities are compatible with the expectation that mag- 
netars are born from massive stars that have short lives and are 
the first ones to explode, in environments that are still dense 
(see IGaensler et alj|2005l) . The larger distance, however, re- 
quires less extreme conditions than the nearer one. 

The location of IE 1547.0-5408 in the center of its pre- 
sumed SNR, similar to IE 2259+586 and IE 1841-045, is 
an indication that magnetars are not born with greater kick 
velocity than normal pulsars. The only direct proper motion 
measurement of a magnet ar, XTE Jl 8 10—197 with tangential 
velocity V± = 212 km s" 1 (Helfandet al. 2007), supports this 
interpretation. We judge by eye that IE 1547.0-5408 is within 
30" of t he center of the 4' diamete r shell of G327.24-0.13 
(Fig. 4 of Gelfa nd & Gaen sler 2007), its presumed birth loca- 
tion. If its true age is equal to or greater than its characteristic 
age of 1.4 kyr, then its proper motion is less than 0.02" yr" 1 . 
This corresponds to V± < 900 (ii/9kpc) km s" 1 . 

3.3. Comparison with XTE Jl 81 0-1 9 7 

Two AXPs, IE 1547.0-5408 and XTE J1810-197, are now 
known to emit radio waves, and a comparison of their prop- 
erties is revealing. Both appear to be transient. In the case 
of XTE J1810-197, the radio emission began within 1 yr of 
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its only known X-ray outburst (Hal pern et alj|2005l) . At its 
observed peak > 3 yr after the X-ray outburst, the radio flux 
density was > 50 times the prior upper limit (Cami lo et alj 
20063), but the X -rays have no w returned to quiescence , 
> 100 times below their peak flux (IGotthelf & Halpernl2007h 
and th e radio flux is much diminished as well (ICamilo et alJ 
2007a). For PSR J1550-5418, we know that in 2007 June its 
radio flux density is > 5 times the upper limit from 1998 Au- 
gust, while the contemporaneous X-ray flux is the highest ob- 
served. The X-ray flux history of IE 1547.0-5408 was not as 
well sampled nor as consistently faint as that of XTE J1810- 
197, but it has varied by a factor of 16. 

It may be significant that the two AXPs detected so far in 
radio have the smallest periods, 2.0 and 5.5 s. While X-ray 
emission from magnetars is manifestly not powered by rota- 
tion, it is not ruled out that their radio emission is governed 
by the same polar-cap gap accelerators and death lines as or- 
dinary pulsars. If coming from open field lines, the width of 
the radio beam is proportional to P" I//2 , which favors detec- 
tion of short-period pulsars if all are radio emitters and are 
randomly aligned. On the other hand, the 6.6 GHz pulse from 
PSR J1550-5418 (Fig. [T) is much wider than almost all pro- 
files of ordinary long-period pulsars, so a different explana- 
tion may have to be sought for its pulse width. 

If the viewing angle and magnetic inclination angle with re- 
spect to the rotation axis are both small, this could explain the 
broad radio pulse of PSR J 1550-54 18 and the failure so far to 
see pulsed X-ray modulation (assumed to come from surface 
thermal emission). It is also possible that the wide profile of 
PSR J 1550-54 18 is indicative of emission fr om closed, non- 
poten tial field lines in the magnetar model (Thomps on et alJ 
2002) instead of the narrow open field-line bundle. Closed, 
twisted field lines may span a large range of azimuthal an- 
gles near the surface of the neutron star, and models of pair 
production there yield re lativistic 7 ~ 10 3 that are appro - 
priate for radio emission dBeloborodov & Thompson] 120071) . 
From XTE J1810-197, there are indications that at least 
some of the radio e mission originates on open field lines 
(Cami loet al.l2007allcl) . while some characteristics remain un- 



explain e d and could point to either location (Cam ilo et alJ 
l2007allbl : lKramer et alJl2007h . 

Both pulsars have exhibited sudden changes in radio pulse 
shape. The example in Figure [2] is somewhat reminis- 
cent of X-ray bursts from AXPs including XTE Jl 8 10-197 
(IWoods et al.ll2005h . although X -ray bursts were not seen in 
coincidence with suc h radio transitions in XTE J18 10-197 
(Cami lo et alJ l2007ab . Based on the few observations so 
far, pulse-shape variations observed from PSR J 1550-54 18 
are less pronounced than in XTE J1810-197, and its daily- 
averaged flux density may be s teady, unlike the first radio 
magnetar (ICamilo et al] l2006bl |2007a). Most striking are 
the flat or inver ted radio spectra of PSR J 1550-54 18 and 
XTE Jl 8 10-197 (ICamilo et al.ll2007bl) . which are unique, and 
clearly distinguishes them from ordinary radio pulsars. 

At their peak, both magnetars are very luminous young ra- 
dio pulsars: Z4.4 = SiacI 2 > lOOmJy kpc 2 , which is larger than 
the Z4.4 of virtually any ordinary pulsar with r c < 10 4 yr (see 
Camil o et alJl2002h . If this is a general property, the future 
may be (transiently) bright for further radio detections from 
known or yet to be identified magnetars. 
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